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Abstract
The radiative decays of heavy mesons and heavy baryons are studied in a formalism which
incorporates both the heavy quark symmetry and the chiral symmetry. The chiral Lagrangians
for the electromagnetic interactions of heavy hadrons consist of two pieces: one from gauging
electromagnetically the strong-interaction chiral Lagrangian, and the other from the anomalous
magnetic moment interactions of the heavy baryons and mesons. Due to the heavy quark spin
symmetry, the latter contains only one independent coupling constant in the meson sector and
two in the baryon sector. These coupling constants only depend on the light quarks and can be
calculated in the nonrelativistic quark model. However, the charm quark is not heavy enough and
the contribution from its magnetic moment must be included. Applications to the radiative decays
D∗ → Dγ , B∗ → Bγ , Ξ′c → Ξcγ ,Σc → Λcγ and Σc → Λcpiγ are given. Together with our
previous results on the strong decay rates of D∗ → Dpi and Σc → Λcpi, predictions are obtained for
the total widths and branching ratios of D∗ and Σc. The decays Σ+c → Λ+c pi0γ and Σ0c → Λ+c pi−γ
are discussed to illustrate the important roles played by both the heavy quark symmetry and the
chiral symmetry.
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I. Introduction
Mass differences are generally small among the different spin multiplets of the ground
state heavy mesons and heavy baryons which contain a heavy quark. This is a consequence
of the heavy quark symmetry [1,2] of QCD. As a result of the small available phase space,
the dominant decay modes for many of these heavy particles are strong decays with one soft
pion emission and/or radiative decays. Prominent examples are D∗, B∗ and Σc among the
heavy particles already observed. As none of the absolute widths for these decays has been
measured experimentally, it is important to have a single framework for treating the strong
and radiative decays of these particles. It will be then possible to test the predictions on
branching ratios of various decay modes with available data. An ideal theoretical framework
for studying these decays is provided by the formalism recently developed to combine the
heavy quark symmetry and the chiral symmetry of light quarks [3,4,5,6,7,8]. When supple-
mented by the nonrelativistic quark model, the formalism determines completely the low
energy dynamics of heavy hadrons. Among other things, the strong decays are treated in
detail in Ref.[3]. The radiative decays are the subject of the present work.
The formalism of Ref.[3] is easily extended to incorporate the electromagnetic field. The
electromagnetic interactions of heavy hadrons consist of two distinct contributions: one from
gauging electromagnetically the chirally invariant strong interaction Lagrangians for heavy
mesons and baryons given in Ref.[3], and the other from the anomalous magnetic moment
couplings of the heavy particles. The heavy quark symmetry reduces the number of free
parameters needed to describe the magnetic couplings to the photon. For the ground state
mesons, there is only one undetermined parameter, and there are two for the ground state
heavy baryons. All these three parameters are related simply to the magnetic moments
of the light quarks in the nonrelativistic quark model. However, the charmed quark is
not particularly heavy (mc ≃ 1.6 GeV), and it carries a charge of 23e. Consequently, the
contribution from its magnetic moment cannot be neglected.
In the nonrelativistic quark model, all the magnetic moments of hadrons are due to those
of the constituent quarks. Thus, two of the 1/mQ corrections can easily be taken into account.
The first is to remove the magnetic moment terms of the heavy hadrons arising from the
minimal couplings to the electromagnetic field. The second is to include the contributions
from the magnetic moment of the heavy quark.
In Sections II and III we present for heavy mesons and heavy baryons, respectively, the
details of the formalism and related considerations including the SU(3) flavor symmetry
breaking due to light quark mass differences.
In Section IV we consider applications to the radiative decays of charmed mesons and
charmed baryons. Some examples are D∗ → Dγ , Ξ′c → Ξcγ , Σc → Λcγ and Σc →
Λcπγ. Among these, perhaps the results for the D
∗ → Dγ decays are the most interesting.
Experimentally, the most recent CLEO II data [9] on the branching ratios for D∗+ and
D∗0 differ significantly from those listed in PDG (1992) [10]. Theoretically, when combined
with our predictions for the strong decays D∗ → Dπ given in Ref.[3], we are able to obtain
the branching ratios for the D∗ decays in the same theoretical framework. Agreement is
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excellent between theory and experiment. This is very encouraging. Although our predicted
total width for D∗+, Γtot(D∗+) = 141 keV is consistent with the upper limit Γtot(D∗+) < 131
keV published by the ACCMOR Collaboration [11], more precision measurements of the
quantity are needed.
For the radiative decays Σc → Λcγ and Ξ′c → Ξcγ the two light quarks in the initial states
have spin 1, while they have spin 0 in the final states. Consequently, the diquark system
must undergo a spin-flip transition. The charmed quark is a spectator in these transitions.
Therefore, our predictions for these decays are independent of the magnetic moment of the
charmed quark.
Both the chiral symmetry and the heavy quark symmetry play a critical role in radiative
decays involving pions. The heavy quark symmetry relates the strong coupling constants in
the various pion emission vertices, while the chiral symmetry dictates the structure of those
vertices. The specific decays Σ0c → Λ+c π−γ and Σ+c → Λ+c π0γ are discussed in Section IV to
expose the essential features of these processes.
II. Chiral Lagrangians for Electromagnetic Interactions of Heavy Mesons
To set up our notation, we denote the three light quarks by q
q =

 ud
s

 , (2.1)
and the associated charge matrix by Q = diag(2
3
,−1
3
,−1
3
). The charge of the heavy quark
Q is interchangeably denoted by eQ or Q′, depending on the circumstance of which one is
more convenient to use. Under the electromagnetic gauge transformation
Aµ → A′µ = Aµ −
1
e
∂µλ, (2.2)
where λ is a U(1) gauge parameter, the quark fields transform as
q → q′ = eiQλq , Q→ Q′ = eiQ′λQ . (2.3)
Since the Goldstone-boson fields M given by
M =


π0√
2
+ η√
6
π+ K+
π− − π0√
2
+ η√
6
K0
K− K
0 −
√
2
3
η

 (2.4)
are constructed from a light quark and an antiquark, they transform as
3
M → M ′ = eiQλMe−iQλ. (2.5)
The meson field ξ = exp ( iM√
2fπ
) thus has a simple gauge transformation property
ξ → ξ′ = eiQλξe−iQλ, ξ† → ξ′† = eiQλξ†e−iQλ. (2.6)
A gauge covariant derivative of the field ξ has the form
Dµξ = ∂µξ + ieAµ[Q, ξ], (2.7)
with the gauge transformation
Dµξ → D′µξ′ = eiQλ(Dµξ)e−iQλ. (2.8)
In the presence of electromagnetic interactions, the vector and axial vector fields defined
by
V(0)µ =
1
2
(ξ†∂µξ + ξ∂µξ
†), (2.9a)
A(0)µ =
i
2
(ξ†∂µξ − ξ∂µξ†), (2.9b)
become
Vµ = 1
2
[ξ†Dµξ + ξ(Dµξ)
†], (2.10a)
Aµ = i
2
[ξ†Dµξ − ξ(Dµξ)†], (2.10b)
where we have used the calligraphic letters Vµ and Aµ to denote the chiral vector and axial
fields, respectively. More explicitly, Vµ and Aµ are related to V(0)µ and A(0)µ respectively by
Vµ = V(0)µ − ieQAµ + i
1
2
eAµ(ξ
†Qξ + ξQξ†), (2.11a)
Aµ = A(0)µ −
1
2
eAµ(ξ
†Qξ − ξQξ†), (2.11b)
V∗µ = V(0)∗µ + ieQAµ − i
1
2
eAµ(ξ
TQξ∗ + ξ∗QξT ), (2.11c)
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A∗µ = A(0)∗µ −
1
2
eAµ(ξ
TQξ∗ − ξ∗QξT ), (2.11d)
where we have given V∗µ and A∗µ since they appear in the following discussion. The complex
conjugate is related to operation of hermitian conjugation and transposition, for example,
V∗µ = (V†µ)T .
We next turn to the gauge transformation properties of heavy mesons. Following the
notation of Ref.[3], the ground-state 1− and 0− heavy mesons are denoted by P ∗ and P
respectively. Since a heavy meson contains a heavy quark Q and a light antiquark q, it
obeys the gauge transformation law
P → P ′ = eiQ′λPe−iQλ, (2.12)
and a similar equation for the vector meson P ∗. An electromagnetic gauge covariant deriva-
tive can then be constructed to be
DµP = ∂µP + ieAµ(Q′P − PQ), (2.13)
which transforms as
DµP → D′µP ′ = eiQ
′λ(DµP )e
−iQλ. (2.14)
When the chiral field is included, the covariant derivative finally reads (see Ref.[3])
DµP = ∂µP + V∗µP + ieAµ(Q′P − PQ),
= ∂µP + V(0)∗µ P + ieQ′AµP − i12eAµ(ξTQξ∗ + ξ∗QξT )P,
(2.15a)
where use of Eq. (2.11c) has been made. Similarly,
DµP
† = ∂µP † + VµP † − ieAµ(P †Q′ −QP †)
= ∂µP
† + V(0)µ P † − ieQ′AµP † + i2eAµ(ξ†Qξ + ξQξ†)P †.
(2.15b)
Eq. (2.15) shows that the electromagnetic interactions break the SU(3) flavor symmetry. The
charge operator Q has an equal mixture of 8L and 8R as it should be since the electromag-
netic interactions conserve parity. The construction of the electromagnetic gauge invariant
chiral Lagrangian for heavy mesons simply follows from gauging the chiral invariant meson
Lagrangian presented in Ref.[3]. The relevant terms are
5
L(1)PP ∗ = DµPDµP † −M2PPP † + f
√
MPMP ∗(PAµP ∗†µ + P ∗µAµP †)
−1
2
P ∗µνP ∗†µν +M
2
P ∗P
∗µP ∗†µ +
1
4
fǫµνλκ(P
∗µνAλP ∗κ† + P ∗κAλP ∗µν†),
(2.16)
where Eqs. (2.11) and (2.15) have been used,
P ∗†µν = DµP
∗†
ν −DνP ∗†µ , (2.17)
and DµP
∗†
ν is given by Eq. (2.15b) with P
† replaced by P ∗†ν . The universal coupling constant
f is independent of heavy quark masses and species. By expanding the meson field matrix
ξ into a power series
ξ = 1 + i
M√
2fπ
− M
2
4f 2π
+ · · · , (2.18)
it is evident that Vµ(Aµ) contains only even (odd) number of pions interacting electromag-
netically. Consequently, the kinematic terms in (2.16) give rise to contact terms with one
photon and even-number pion emissions, while the interacting terms yield electromagnetic
contact terms with odd-number Goldstone boson emission.
Note that the radiative transition P ∗ → Pγ cannot arise from the electromagnetic La-
grangian (2.16). The lowest-order gauge and chiral invariant interaction that contributes to
P ∗ → Pγ is
L(2)PP ∗ =
√
MPMP ∗ǫµναβv
αP ∗β
[
1
2
d(ξ†Qξ + ξQξ†) + d′Q′
]
F µνP † + h.c.
−ieFµνP ∗ν
[
Q′ − 1
2
(ξ†Qξ + ξQξ†)
]
P ∗µ†
+id′′MP ∗FµνP ∗ν
[
γQ′ − 1
2
(ξ†Qξ + ξQξ†)
]
P ∗µ†.
(2.19)
In (2.19), vα is the four-velocity of the 1− heavy meson and the second term is to remove the
magnetic moment coupled to the electromagnetic field implied by the minimal couplings in
(2.16), while the last term proportional to d′′ is to account for the magnetic moment couplings
due to the constituent quarks, both light and heavy. The universal coupling constant d is
independent of the heavy quark masses and species. We have also included the d′ and γ
terms to account for the corrections due to the heavy quark masses when mQ 6=∞.
The Lagrangian (2.19) describe the magnetic transitions P ∗ → Pγ and P ∗ → P ∗γ. In
the infinitely heavy quark mass limit, only the two parameters d and d′′ in Eq. (2.19) survive.
The heavy quark spin symmetry then relates them. To derive the relation, we will make use
of the interpolating fields introduced in Ref.[3]
6
P (v) = qvγ5hv
√
MP ,
P ∗(v, ǫ) = qv 6 ǫhv
√
M∗P ,
(2.20)
where qv is a light antiquark which combines with a heavy quark hv of velocity v to form the
appropriate meson. Now, let Jµ and jµ be the electromagnetic currents of the heavy quark
and light quarks, respectively. It is easy to show that Jµ does not contribute to the magnetic
transitions of interest here. Consider
< P (v′) | Jµ | P ∗(v, ǫ) > =
√
MPM∗P < 0 | qv′γ5hv′hv′γµhvhv 6 ǫqv | 0 >
= −
√
MPM∗P tr
{
γ5
6v′+1
2
γµ
6v+1
2
6 ǫ < 0 | qvqv′ | 0 >
}
.
(2.21)
Sandwiched between the projection matrices, the matrix γµ can be replaced by
γµ =
1
2
(vµ + v
′
µ)−
1
2mQ
σµνk
ν , (2.22)
which shows that in the limit mQ →∞, the heavy quark’s electromagnetic current does not
induce a magnetic coupling. We also notice that the heavy quark current is conserved by
itself, so the light quark current must be separately conserved. We are now ready to examine
the electromagnetic vertices associated with the light quark current. We have
< P (v′) | jµ | P ∗(v, ǫ) >= −
√
MPMP ∗tr
{
γ5
6 v + 1
2
6 ǫLµ
}
, (2.23)
where
Lµ =< 0 | qvjµqv′ | 0 > . (2.24)
Lorentz covariance implies
Lµ = c1(v + v
′)µ + c2γµ + c3σµνk
ν . (2.25)
Taking the trace, we find
< P (v′) | jµ | P ∗(v, ǫ) >= −2c3
√
MPMP ∗ǫµναβk
νvαǫβ. (2.26)
Similarly, we have
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< P ∗(v′, ǫf ) | jµ | P ∗(v, ǫi) >= −MP ∗tr
{
6 ǫf 6 v + 1
2
6 ǫiLµ
}
. (2.27)
In taking the trace, the c2 term does not contribute as a result of ǫi · v = 0 , and ǫf · v =
k
MP∗
≈ 0, while the c1 term contributes, it is not of the magnetic type. Thus
< P ∗(v′, ǫf) | jµ | P ∗(v, ǫi) >m= 2ic3MP ∗(ǫf · kǫiµ − ǫi · kǫfµ), (2.28)
where the subscript m is a reminder that we keep only the part dependent on the magnetic
moment. By comparison with the matrix elements implied by Eq. (2.19) for P ∗ → Pγ and
P ∗ → P ∗γ, we find
d = −ic3
d′′ = 2ic3 .
(2.29)
The relation we are looking for is
d′′ = −2d . (2.30)
The SU(3) breaking effects due to the light quark mass differences can be incorporated
in the Lagrangian (2.19) by replacing the charge matrix Q by (see also Sec. 3)
Q →∼Q=


2
3
0 0
0 −α
3
0
0 0 −β
3

 , (2.31)
where α = mu/md and β = mu/ms.
We now show that the nonrelativistic quark model has a simple prediction for the cou-
plings d, d′, d′′ and γ. The magnetic interaction of the quarks is
Lem =
∑
i
e
ei
2mi
ψ
⇀
σi ψ·
⇀
H= ψ(
∑
i
µi
⇀
σi)ψ·
⇀
H, (2.32)
where ei is the charge of the ith quark in units of e. Instead of using the Lorentz invariant
normalization
< P | P ′ >= 2E(2π)3δ3(P − P ′), (2.33)
it is more convenient to use a discrete normalization by enclosing the system in a large
volume V , so that
8
≪ P | P ′ ≫= δ⇀
P
⇀
P ′
, (2.34)
Then in the rest frame we get
< P | Lem | P ∗ >= 2
√
MPMP ∗ ≪ P |
∑
q
µqσ
z
q −
∑
q
µqσ
z
q | P ∗ ≫ H, (2.35)
where we have chosen the magnetic field along the z direction, and the minus sign for the
antiquarks can be understood simply as they have charges opposite to those of quarks. Next
we need the flavor-spin wave functions of the heavy mesons in the nonrelativistic quark
model:
| P ∗ ≫ = 1√
2
| Q ↑ q ↓ +Q ↓ q ↑>,
| P ≫ = 1√
2
| Q ↑ q ↓ −Q ↓ q ↑>,
(2.36)
where | P ∗ ≫ denotes the vector meson state with the z-component of its spin being zero.
Let us denote the SU(3) Pi as
Pi = (Qd, Qu, Qs) = (P
1
2 , P−
1
2 , P 0), (2.37)
where the superscript indicates the isospin quantum number I3. We then have
< P
1
2 | Lem | P ∗ 12 > = 2
√
MPMP ∗(µd + µQ),
< P−
1
2 | Lem | P ∗− 12 > = 2
√
MPMP ∗(µu + µQ),
< P 0 | Lem | P ∗0 > = 2
√
MPMP ∗(µs + µQ),
(2.38)
where we have dropped the magnetic field for convenience.
Note that in the rest frame of P ∗, vα = (1,
⇀
0) so that
ǫµναβF
µνvαǫ∗β = ǫijkF
ijǫ∗k = −2
⇀
ǫ∗ · ⇀H . (2.39)
Choosing the
⇀
H field along the z direction as before, we find from (2.19), (2.31) and
(2.39) that
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< P
1
2 | L(2)PP ∗ | P ∗
1
2 > = −2√MPMP ∗(−α3 d+ eQd′)
< P−
1
2 | L(2)PP ∗ | P ∗−
1
2 > = −2√MPMP ∗(23d+ eQd′),
< P 0 | L(2)PP ∗ | P ∗0 > = −2
√
MPMP ∗(−β3d+ eQd′),
(2.40)
Comparing this with Eq. (2.38) gives the desired results
d = − e
2mu
, d′ = − e
2mQ
. (2.41)
A similar calculation gives
d′′ =
e
mu
, γ =
mu
mQ
. (2.42)
The quark model results (2.41) and (2.42) satisfy the heavy quark symmetry relation (2.30).
This is not surprising, as SU(3) breakings preserve the heavy quark symmetry.
III. Chiral Lagrangians for Electromagnetic Interactions of Heavy Baryons
We consider a heavy baryon containing a heavy quark and two light quarks. The two
light quarks form either a symmetric sextet 6 or an antisymmetric antitriplet 3¯ in flavor
SU(3) space. We will denote these spin 1
2
baryons as B6 and B3 respectively, and the spin
3
2
baryon by B∗6 . Explicitly, the baryon matrices read as in Ref.[3]
B6 =


Σ+1Q
1√
2
Σ0Q
1√
2
Ξ
′+ 1
2
Q
1√
2
Σ0Q Σ
−1
Q
1√
2
Ξ
′− 1
2
Q
1√
2
Ξ
′+ 1
2
Q
1√
2
Ξ
′− 1
2
Q ΩQ


, (3.1)
B3 =


0 ΛQ Ξ
+ 1
2
Q
−ΛQ 0 Ξ−
1
2
Q
−Ξ+
1
2
Q −Ξ−
1
2
Q 0


, (3.2)
and a matrix for B∗6 similar to B6. The superscript in (3.1) and (3.2) refers to the value of
the isospin quantum number I3.
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Under the electromagnetic gauge transformation Eq. (2.2), the heavy baryon field trans-
forms as
B → B′ = eiQ′λeiQλBeiQλ. (3.3)
It is then easily shown that the electromagnetic gauge covariant derivative has the form
DµB = (∂µ + ieQ′Aµ)B + ieAµ {Q, B} , (3.4)
which transforms according to
DµB → D′µB′ = eiQ
′λeiQλ(DµB)e
iQλ. (3.5)
With the chiral fields included, the covariant derivative is modified to (see Ref.[3])
DµB = ∂µB + VµB +BVTµ + ieQ′AµB + ieAµ {Q, B} . (3.6)
It follows from Eq. (2.11a) that
DµB = ∂µB + V(0)µ B +BV(0)Tµ + ieQ′AµB
+i1
2
eAµ
[
(ξ†Qξ + ξQξ†)B +B(ξ†Qξ + ξQξ†)T
]
.
(3.7)
As in the meson case discussed in the previous section, a chiral and electromagnetic gauge
invariant Lagrangian for heavy baryons can be obtained by gauging the chiral Lagrangian
(3.12) given in Ref.[3]. We write down the relevant terms
L(1)B = 12tr[B3(i6 D −M3)B3] + tr[B6(i6 D −M6)B6]
+ tr
{
B
∗µ
6 [−gµν(i6 D −M6∗) + i(γµDν + γνDµ)− γµ(i6 D +M6∗)γν ]B∗ν6
}
+ g1tr(B6γµγ5AµB6) + g2tr(B6γµγ5AµB3) + h.c.
+
√
3
2
g1tr(B
∗
6µAµB6) + h.c.−
√
3g2tr(B
∗µ
6 AµB3) + h.c.
− 3
2
g1tr(B
∗ν
6 γµγ5AµB∗6ν),
(3.8)
with DµB and Aµ given by (3.7) and (2.11), respectively, where B∗6µ is a Rarita-Schwinger’s
vector-spinor field for a spin 3
2
particle, and use of heavy quark symmetry has been applied
to relate various coupling constants. As in the case of heavy mesons, electromagnetic contact
terms with even (odd) number of pions come from kinematic (interacting) terms in (3.8).
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Since baryons do not behave much like Dirac point particles, they can have large anoma-
lous magnetic moments. Apart from the non-anomalous electromagnetic interaction de-
scribed by L(1)B , the most general electromagnetic invariant Lagrangian for anomalous mag-
netic transitions of heavy baryons is given by (we use the abbreviation σ · F ≡ σµνF µν .)
L(2)B = a1tr(B6Qσ · FB6) + a′1tr(B6Q′σ · FB6)
+ a2tr(B6Qσ · FB3) + h.c. + a′2tr(B6Q′σ · FB3) + h.c.
+ a3tr(ǫµνλκB
∗µ
6 QγνF λκB6) + h.c.+ a′3tr(ǫµνλκB∗µ6 Q′γνF λκB6) + h.c.
+ a4tr(ǫµνλκB
∗µ
6 QγνF λκB3) + h.c.+ a′4tr(ǫµνλκB∗µ6 Q′γνF λκB3) + h.c.
+ a5tr(B
∗µ
6 Qσ · FB∗6µ) + a′5tr(B∗µ6 Q′σ · FB∗6µ)
+ a6tr(B3Qσ · FB3) + a′6tr(B3Q′σ · FB3)
+ 1
4
µ
B
3
tr(B3Qtotσ · FB3) + 12µB6 tr(B6Qtotσ · FB6)
− 1
2
µ
B∗
6
tr(B
∗µ
6 Qtotσ · FB∗6µ),
(3.9)
where Qtot = 2Q+Q′, and µB = e2MB , recalling that Q is the charge matrix of light quarks,
whereas Q′ (or eQ) is the charge of the heavy quark. The Lagrangian L(2)B is also the most
general chiral-invariant one provided that one makes the replacement
Q → 1
2
(ξ†Qξ + ξQξ†) , Q′ → Q′. (3.10)
Note that we have substracted out the Dirac magnetic moments of heavy baryons µB, so
that in the quark model the anomalous magnetic moments ai are simply related to the Dirac
magnetic moments of the light quarks, while a′i are connected to those of the heavy quarks.
In the heavy quark limit, both Dirac magnetic moments µB and the heavy-quark magnetic
moments a′i vanish as they are suppressed by the heavy quark mass.
At first sight, it appears that other gauge invariants e.g., B
∗µ
6 Fµνγ
νγ5B6, and B
∗µ
6 FµνB
∗ν
6
can be added to L(2)B . However, by applying the identity
iǫµνλκγκ = −γµγνγλγ5 + gµνγλγ5 − gµλγνγ5 + gνλγµγ5, (3.11)
we see that
tr(B
∗µ
6 Fµνγ
νγ5B) =
i
2
tr(ǫµνλκB
∗µ
6 γ
νF λκB), (3.12)
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for B = B3 or B6. Next, using the fact that the Rarita-Schwinger vector spinor uλ obeys
the relations
uµ = iσµνu
ν , uµ = iu
νσνµ, (3.13)
it is straightforward to show that
uµFµνu
ν = i2 uλσ µλ Fµνσ
ν
κu
κ
= uµFµνu
ν + 2uνFµνu
µ + iuλǫλµνκγ5F
µνuκ
−iuλσµνF µνgλκuκ ,
(3.14)
and hence
uλ(v′)σ · Fuλ(v) = 2iuµ(v′)Fµνuν(v) + uλ(v′)ǫλµνκγ5F µνuκ(v). (3.15)
In the heavy quark limit and v′ ∼ v, uλ(v)γ5uκ(v) = 0. Therefore, there are only six
independent couplings in the heavy quark limit for anomalous magnetic moment radiative
baryonic transitions.
We shall see that the heavy quark spin symmetry reduces the six couplings ai to two
independent ones. To embark on this task, we will apply the interpolating fields for the
heavy baryons in terms of the diquark fields of the light quarks (see Ref.[3])
B3(v, s) = u(v, s)φvhv, (3.16)
B6(v, s, κ) = Bµ(v, s, κ)φ
µ
vhv, (3.17)
where φv and φ
µ
v are the 0
+ and 1+ diquarks, respectively, which combine with the heavy
quark hv of velocity v to form the appropriate heavy baryon. The argument κ indicates the
spin of the baryon: κ = 1 for spin 1
2
baryons (B6) and κ = 2 for spin
3
2
baryons (B∗6). The
wave function Bµ is given by
Bµ(v, s, κ = 1) =
1√
3
u(v, s)γ5(vµ + γµ), (3.18a)
Bµ(v, s, κ = 2) = uµ(v, s). (3.18b)
We shall now apply heavy quark symmetry to the magnetic-moment coupling constants
ai. As in the meson case, let us denote the electromagnetic current of light and heavy quarks
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by jµ and Jµ, respectively. For the couplings a1 · · · a6, we do not have to consider the heavy
quark current. For example, it is easily shown that
< B3(v
′, s′) | Jµ | B3(v, s) >= eQζ(v · v′)u(v′, s′)γµu(v, s), (3.19)
where ζ(v · v′) =< 0 | φv′φ†v | 0 > is a universal Isgur-Wise function. Eq. (2.22) is applicable
here, and it shows that the heavy quark electromagnetic current does not induce a magnetic-
type coupling in the heavy quark limit. As in the meson case, the heavy quark current is
conserved by itself, so the light quark current must be separately conserved. We next note
that a6 = 0 because the spin of the heavy quark cannot be flipped by a photon emission
and because the radiative transition 0+ → 0+ + γ in the diquark sector is prohibited by
conservation of angular momentum. Indeed, the interpolating field method gives
< B3(v
′, s′) | jµ | B3(v, s) >
=< 0 | u(v′, s′)φv′hv′jµhvφ†vu(v, s) | 0 >
= u(v′, s′)Mµu(v, s) ,
(3.20)
with
Mµ =< 0 | φv′jµφ†v | 0 > . (3.21)
Now Lorentz invariance implies that
Mµ = a(v + v
′)µ + bkµ, (3.22)
Since kµ(v + v′)µ = 0, it is clear that conservation of the electromagnetic current implies
b = 0. Consequently,
< B3(v
′, s′) | jµ | B3(v, s) >= au(v′, s′)(v + v′)µu(v, s), (3.23)
which is nothing but the usual convection current due to the charge. We thus conclude that
a6 = 0, (3.24)
in the heavy quark limit.
We now turn to the matrix element of the B6 −B6 transition. We have
< B6(v
′, s′) | jµ | B6(v, s) >= Bα(v′, s′)MµαβBβ(v, s), (3.25)
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where
Mµαβ =< 0 | φαv′jµφβ†v | 0 > . (3.26)
The general expression of Mµαβ linear in k is
Mµαβ = f1gαβ(v + v
′)µ + f2gαβkµ + f3gµαkβ + f4gµβkα + f5vαv
′
β(v + v
′)µ , (3.27)
where we do not display form factors proportional to v′α or vβ because of Bαv
′α = 0 and
vβBβ = 0. Conservation of the electromagnetic vector current then indicates that
f2 = 0 , f3 + f4 = 0, (3.28)
and hence
Mµαβ = f1gαβ(v + v
′)µ + f3(gµαkβ − gµβkα) + f5vαv′β(v + v′)µ. (3.29)
Using the interpolating field (3.17) we find
< B6(v
′, s′) | jµ | B6(v, s) >
= −1
3
u(v′, s′)γ5(γα + v′α)Mµαβ(γβ + vβ)u(v, s)
= −1
3
u(v′, s′)
{(
f1(2 + v · v′)− f5[1− (v · v′)2]
)
(v + v′)µ
+f3(γµ 6 k − 6 kγµ)
}
u(v, s) .
(3.30)
This leads to
< B6(v
′, s′)γ(k, ǫ) | jµAµ | B6(v, s) >= −1
3
f3u(v
′, s′)σ · Fu(v, s). (3.31)
with σ · F = σµνF µν , F µν = i(kµǫν − kνǫµ) and
a1 = −1
3
f3, (3.32)
where we have dropped a convection current term. Likewise, for the magnetic B∗6 − B6
coupling, we get
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< B∗6(v
′, s′) | jµ | B6(v, s) > = − 1√3uα(v′, s′)Mµαβ(vβ + γβ)γ5u(v, s),
= − 1√
3
f3u
α(v′, s′)(gµα 6 k − kαγµ)γ5u(v, s),
(3.33)
and hence
< B∗6(v
′, s′)γ(k, ǫ) | jµAµ | B6(v, s) >= −i f3√
3
uµ(v′, s′)γνγ5Fµνu(v, s), (3.34)
where only the magnetic-type terms contribute. Comparing this with (3.9) and applying the
relation (3.12) yields
a3 =
1
2
√
3
f3. (3.35)
Similarly,
< B∗6(v
′, s′) | jµ | B∗6(v, s) > = uα(v′, s′)Mµαβuβ(v, s)
= f3u
α(v′, s′)(gµαkβ − gµβkα)uβ(v, s),
(3.36)
and
< B∗6(v
′, s′)γ(k, ǫ) | jµAµ | B∗6(v, s) >= if3uα(v′, s′)Fαβuβ(v, s). (3.37)
This together with Eq. (3.15) leads to
a5 =
f3
2
. (3.38)
It follows from Eqs. (3.32), (3.35) and (3.38) that the coupling constants a1, a3 and a5 are
related via heavy quark symmetry.
We next turn to the a2 term and get
< B6(v
′, s′) | jµ | B3(v, s) >= uν(v′, s′)Mµνu(v, s), (3.39)
with
Mµν =< 0 | φνv′jµφ†v | 0 > . (3.40)
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Setting
Mµν = iδǫµναβk
αvβ, (3.41)
we obtain
< B6(v
′, s′) | jµ | B3(v, s) >= −
δ
2
√
3
u(v′, s′)( 6 kγµ − γµ 6 k)u(v, s). (3.42)
It then follows that
< B6(v
′, s′)γ(k, ǫ) | jµAµ | B3(v, s) >=
δ
2
√
3
u(v′, s′)σ · Fu(v, s), (3.43)
and
a2 =
1
2
√
3
δ. (3.44)
Likewise, for the a4 coupling we have
< B∗6(v
′, s′)γ(k, ǫ) | jµAµ | B3(v, s) >=
δ
2
ǫµναβu
µ(v′, s′)γνF αβu(v, s), (3.45)
and
a4 =
δ
2
. (3.46)
Eqs. (3.24), (3.32), (3.35), (3.38), (3.44) and (3.46) together give
a3 = −
√
3
2
a1 , a5 = −3
2
a1 , a4 =
√
3a2 , a6 = 0. (3.47)
Consequently, only two of the six couplings a1, · · · a6 are independent. Furthermore, these
two couplings are independent of the heavy masses.
There are two corrections which we would like to incorporate in the Lagrangian (3.9).
First, when the heavy quark mass is not infinite, i.e. mQ 6=∞, we may take into account the
effects of the couplings a′i induced by heavy quarks and of the Dirac magnetic moments µB
of heavy baryons. Second, as in the meson case, SU(3) breaking effects due to light quark
mass differences can be incorporated by replacing the charge matrix Q by
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Q → ∼Q=


2
3
0 0
0 −α
3
0
0 0 −β
3

 , (3.48)
where
α =
mu
md
, β =
mu
ms
. (3.49)
This is equivalent to adding Lagrangian terms like
∆L =
(
1
md
− 1
mu
)
tr
(
B
′Qσ · FB
)
or
(
1
ms
− 1
mu
)
tr
(
B
′Qσ · FB
)
, (3.50)
to (3.9).
We now use the nonrelativistic quark model to calculate the coupling constants ai and
a′i. We choose the magnetic field along the z direction so that
σµνF
µν = −2 ⇀σ · ⇀H= −2σzH. (3.51)
Note that in the rest frame of the heavy baryon
ǫµναβB
∗µ
6
∼Q γνF αβB6 = 2
(
⇀
B
∗
6
)
z
∼Q B6H ,
B
∗µ
6
∼Q FµνB∗ν6 = −
(
⇀
B
∗
6
∼Q × ⇀B
∗
6
)
z
H ,
(3.52)
and the wave function of the
⇀
B
∗
6 is given by
⇀
B
∗
6
(
3
2
)
=
⇀
ε 1 u↑ , for sz = 32 ,
⇀
B
∗
6
(
1
2
)
= 1√
3
⇀
ε 1 u↓ +
√
2
3
⇀
ε 3 u↑ , for sz = 12 ,
(3.53)
where
⇀
ε1= − 1√
2
(1, i, 0) ,
⇀
ε3= (0, 0, 1). (3.54)
By working out the trace terms tr(B
′ ∼Q B) for B = B3 , B6 and B∗6 , we obtain
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< Σ+1Q ↑| L(2)B | Σ+1Q ↑>= −2(23a1 + eQa′1) ,
< Σ0Q ↑| L(2)B | ΛQ ↑>= −
√
2a2(
2
3
+ α
3
) ,
< Σ∗+1Q (
1
2
) | L(2)B | Σ+1Q ↑>= 2
√
2
3
(2
3
a3 + eQa
′
3) ,
< Σ∗0Q (
1
2
) | L(2)B | ΛQ ↑>= 2
√
2
3
[ 1√
2
(2
3
+ α
3
)a4] ,
< Σ∗+1Q (
3
2
) | L(2)B | Σ∗+1Q (32) >= 2(23a5 + eQa′5) ,
< ΛQ ↑| L(2)B | ΛQ ↑>= −2[(23 − α3 )a6 + 2eQa′6] ,
(3.55)
where we have dropped the magnetic field H for convenience. The number in parentheses
after a B∗6 state indicates the value of sz.
In the quark model the spin-flip magnetic interaction has the form
Lem =
⇀
µ · ⇀H, (3.56)
with
⇀
µ=
∑
q
µq
⇀
σ q, (3.57)
where µq = eq
e
2mq
is the magnetic moment of the quark q with its electric charge eq in units
of e. Next, the flavor-spin wave functions of heavy baryons needed are
| Σ+1Q ↑>= 1√6
[
2 | Q ↓>| u ↑ u ↑> − | Q ↑> (| u ↑ u ↓> + | u ↓ u ↑>)
]
,
| Σ0Q ↑>= 1√12
[
2 | Q ↓> (| u ↑ d ↑> + | d ↑ u ↑>)
− | Q ↑> (| u ↑ d ↓> + | d ↑ u ↓> + | u ↓ d ↑> + | d ↓ u ↑>)
]
,
| ΛQ ↑>= 12 | Q ↑> (| u ↑ d ↓> − | u ↓ d ↑> − | d ↑ u ↓> + | d ↓ u ↑>) ,
| Σ+1∗(1
2
) >= 1√
3
[
| Q ↓>| u ↑ u ↑> + | Q ↑> (| u ↑ u ↓> + | u ↓ u ↑>)
]
,
| Σ+1∗Q (32) >=| Q ↑>| u ↑ u ↑> ,
| Σ0∗Q (12) >= 1√6
[
| Q ↓> (| u ↑ d ↑> + | d ↑ u ↑>)
+ | Q ↑> (| u ↑ d ↓> + | u ↓ d ↑> + | d ↑ u ↓> + | d ↓ u ↑>)
]
.
(3.58)
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It is then straightforward to show that
< Σ+1Q ↑| Lem | Σ+1Q ↑>= 43µu − 13µQ ,
< Σ0Q ↑| Lem | ΛQ ↑>= − 12√3µu(2 + α) ,
< ΛQ ↑| Lem | ΛQ ↑>= µQ ,
< Σ+1∗Q (
1
2
) | Lem | Σ+1Q ↑>= 2
√
2
3
(µu − µQ) ,
< Σ0∗Q (
1
2
) | Lem | ΛQ ↑>= 1√6µu(2 + α) ,
< Σ+1∗Q (
3
2
) | Lem | Σ+1∗Q (32) >= 2µu + µQ ,
(3.59)
where we have dropped the magnetic field as before. Comparing this with Eq. (3.55) leads
to
a1 = −µu , a2 =
√
6
4
µu , a3 =
√
3
2
µu ,
a4 =
3
2
√
2
µu , a5 =
3
2
µu , a6 = 0,
(3.60)
and
a′1 =
1
6
µQ
eQ
, a′2 = a
′
4 = 0 , a
′
3 = − 1√3
µQ
eQ
,
a′5 =
1
2
µQ
eQ
, a′6 = −14
µQ
eQ
.
(3.61)
It is evident that the relations (3.47) for the couplings a1 · · · a6 predicted by the heavy quark
symmetry are satisfied in the quark model calculation, as they should be.
IV. Applications
In this section we apply our results obtained so far to the electromagnetic decays of
the heavy hadrons. As we recall, there are six unknown coupling constants in the baryon
sector, but they are reduced to two via the use of heavy quark symmetry. The nonrelativistic
quark model is then applied to compute them. Consequently, the dynamics of the radiative
transitions for emission of soft photons and pions is completely determined by the heavy
quark symmetry and chiral symmetry, supplemented by the quark model.
As an application, we first focus on the two-body radiative decays such as P ∗ → Pγ, ΣQ →
ΛQγ, Ξ
′
Q → ΞQγ. Since the heavy hadrons, e.g., B∗, Ξ′c, Ξb are dominated by the electro-
magnetic decays, the decay widths of these heavy particles can be directly calculated. When
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combining with our previous results [3] on the strong decays of D∗ and Σc, we can also
predict the total widths and branching ratios of these particles. We shall also consider the
radiative decays involving one pion emission. Some examples of kinematically allowed modes
are Σc → Λcπγ,Σ∗c → Λcπγ,Ξ∗c → Ξcπγ, etc. We shall see later that the decay Σ+c → Λ+c π0γ
provides a nice test on the chiral structure of the electromagnetic gauge invariant Lagrangian
L(2)B , whereas the four-particle contact interaction dictated by L(1)B can be tested by the other
channel Σ0c → Λ+c π−γ.
We begin with the P ∗ → Pγ decays. The decay width corresponding to the general
amplitude
A [P ∗(v, ǫ∗)→ Pγ(k, ǫ)] = −iρǫµναβkµǫνvαǫ∗β , (4.1)
is
Γ(P ∗ → Pγ) = ρ
2
12πM∗2
k3, (4.2)
where k is the photon momentum in the CM system. From Eqs. (2.19), (2.41) and (2.42)
we obtain the couplings
ρ(P ∗
1
2 ) = 2
√
MPMP ∗
(
−1
3
e
2md
+ eQ
e
2mQ
)
,
ρ(P ∗−
1
2 ) = 2
√
MPMP ∗
(
2
3
e
2mu
+ eQ
e
2mQ
)
,
ρ(P ∗0) = 2
√
MPMP ∗
(
−1
3
e
2ms
+ eQ
e
2mQ
)
.
(4.3)
As an example, the computed results for D∗ → D + γ are exhibited in Table I for the
constituent quark masses
mu = 338MeV, md = 322MeV, ms = 510MeV, (4.4)
given by the Particle Data Group [10], and mc = 1.6 GeV. To determine the D
∗ branching
ratios we have included the partial widths of D∗ → Dπ predicted in Ref. [3] with the
axial quark coupling gudA = 0.75. It is evident that the agreement between theory and
the most recent experimental measurement of CLEO II [9] is excellent. In particular, the
observed small branching ratio of D∗+ → D+γ by CLEO II is consistent with our theoretical
expectation, contrary to the large PDG [10] average value. This also means that it is not
necessary to invoke a large anomalous magnetic moment for the charm quark as previously
conjectured. The total widths of the D∗ [12] are
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Table I. The predicted branching ratios of the D∗ mesons. The
predicted partial widths of D∗ → D + π are taken from
Ref.[3] for gudA = 0.75. For comparison, the experimental
results of CLEO II [9] and PDG (1992) [10] average
values are given in the last two columns.
decay mode Γ(keV) Br(%)theory Br(%)CLEO Br(%)PDG
D∗+ → D0π+ 95 67.3 68.1± 1.0± 1.3 55± 4
D∗+ → D+π0 44 31.2 30.8± 0.4± 0.8 27.2± 2.5
D∗+ → D+γ 2 1.5 1.1± 1.4± 1.6 18± 4
D∗+ → all 141
D∗0 → D0π0 68 66.7 63.6± 2.3± 3.3 55± 6
D∗0 → D0γ 34 33.3 36.4± 2.3± 3.3 45± 6
D∗0 → all 102
D∗+s → D+s γ 0.3 ∼100
Γtot(D
∗+) = 141 keV,
Γtot(D
∗0) = 102 keV,
Γtot(D
∗+
s ) = 0.3 keV,
(4.5)
which are also listed in Table I. The Γtot(D
∗+) predicted here is very close to the upper limit
Γtot(D
∗+) < 131 keV (90% CL) published by the ACCMOR Collaboration [11]. We urge the
experimentalists to perform more precision measurements of Γtot(D
∗).
Before proceeding, we should stress that it is important to include the corrections due to
the magnetic moment of the charm quark as its mass is not too large compared to the light
quarks, ms/mc ≈ 13 and its charge is 23e. It is clear from Eq. (4.3) that the charm-quark
contribution is largely destructive in the radiative decays of D∗+ and D∗+s . Had we worked
in the heavy quark limit, we would have obtained
Γ(D∗0 → D0γ) = 23 keV,
Γ(D∗+ → D+γ) = 6 keV,
Γ(D∗+s → D+s γ) = 2.4 keV,
(4.6)
which are significantly different from those presented in Table I. Finally, for completeness
we also give the results for the radiative decays of B∗
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Γ(B∗+u → B+u γ) = 0.84 keV,
Γ(B∗0d → B0dγ) = 0.28 keV,
(4.7)
where we have used the mass values mB∗ = 5324.6 MeV and mb = 5 GeV.
We next turn to the baryon sector and consider the following two-body radiative decays
with some specific examples
B6 → B3 + γ : ΣQ → ΛQ + γ, Ξ′Q → ΞQ + γ,
B∗6 → B3 + γ : Σ∗Q → ΛQ + γ, Ξ′∗Q → ΞQ + γ,
B∗6 → B6 + γ : Σ∗Q → ΣQ + γ, Ξ′∗Q → Ξ′Q + γ, Ω∗Q → ΩQ + γ.
(4.8)
The electromagnetic decay of a sextet baryon B6 into a B3 plus a photon is described by the
amplitude
M (B6 → B3 + γ(k)) = iη1u3σµνkµǫνu6 . (4.9)
Its decay rate is simply given by
Γ(B6 → B3 + γ) =
1
π
η21k
3, (4.10)
where k is the photon momentum in the CM system. For completeness, we give here the
results of the radiative decay of a spin 3
2
heavy baryon, though none of these heavy baryons
have been found yet. The amplitude of the transition B∗6 → B3 + γ reads
M(B∗6 → B3 + γ) = iη2ǫµναβuγνkαǫβuµ. (4.11)
The evaluation of the corresponding decay width involves the use of the projection operator
Pµν(v) ≡ ∑s uµ(p, s)uν(p, s) = (6p+m)2m
[
−gµν + 13γµγν + 13m(γµpν − γνpµ) + 23m2pµpν
]
=
[
−gµν + 13γµγν − 13m(γµpν − γνpµ) + 23m2pµpν
]
(6p+m)
2m
.
(4.12)
The final result is
Γ(B∗6 → B3 + γ) =
k
48π
η22
(
1− m
2
f
m2i
)2
(3m2i +m
2
f ), (4.13)
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where mi (mf) is the mass of the initial (final) baryon in the decay. Except for a different
coupling constant, a similar formula holds for the decay B∗6 → B6 + γ.
We are ready to elaborate on the above results by some examples. The first example is
Σ+c → Λ+c + γ. From Eqs. (3.9), (3.48), (3.49) and (3.60) we find
η1(Σ
+
c − Λ+c ) =
√
2
(
2
3
+ α
3
)
a2
= 1√
3
e
2mu
(
2
3
+ 1
3
mu
md
)
,
(4.14)
which in turn implies that
Γ
(
Σ+c → Λ+c + γ
)
= 93 keV. (4.15)
This together with the partial rate Γ(Σ+c → Λ+c π0) = 2.43MeV (for gudA = 0.75) obtained in
Ref. [3] yields the total decay width of Σ+c
Γtot(Σ
+
c ) = 2.54MeV, (4.16)
and the branching ratio of Σ+c → Λ+c + γ
Br(Σ+c → Λ+c + γ) = 3.8%. (4.17)
The second example is Ξ′c → Ξc + γ. The coupling η1 is given by
η1(Ξ
′+
c − Ξ+c ) =
√
2
(
2
3
+ β
3
)
a2 =
1√
3
e
2mu
(
2
3
+ mu
3ms
)
,
η1(Ξ
′0
c − Ξ0c) =
√
2
(
−α
3
+ β
3
)
a2 =
e
6
√
3
(
1
ms
− 1
md
)
,
(4.18)
for Ξ′+c − Ξ+c and Ξ′0c − Ξ0c transitions, respectively. We get
Γ(Ξ′+c → Ξ+c + γ) = 16 keV , Γ(Ξ′0c → Ξ0c + γ) = 0.3 keV. (4.19)
In the above we have used the mass mΞc = 2470 MeV from PDG (1992) [10], and the mass
difference mΞ′c−mΞc ≃ 100 MeV from a theoretical estimate [13]. We also assume no mixing
between Ξ′c and Ξc. If the mass difference turns out to be this small, there will be no strong
decays for Ξ′c. We thus have a prediction for the total width of Ξ
′
c:
Γtot(Ξ
′+
c ) = 16 keV , Γtot(Ξ
′0
c ) = 0.3 keV. (4.20)
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So far, the examples of radiative decays considered do not test critically the heavy quark
symmetry nor the chiral symmetry. The results follow simply from the quark model. We
now offer examples in which both the heavy quark symmetry and the chiral symmetry enter
in a crucial way. These are the radiative decays of heavy baryons involving an emitted pion.
Some examples which are kinematically allowed are
Σc → Λcπγ , Σ∗c → Λcπγ , Σ∗c → Σcπγ , Ξ∗c → Ξcπγ
To be specific, we focus on the decay Σc → Λcπγ. The Feynman diagrams for the decay
follow from the Lagrangian L(1)B and L(2)B given in the last section. There are a total of eight
possible diagrams as depicted in Fig. 1: six of them arise from baryon poles, one from the
meson pole, and one from the four-point contact term. For the present discussion, we will
limit ourselves to the situation in the heavy quark limit as to bring out the simplifications
that occur in the symmetry limit. Thus, the pion and the photon are both soft, and we will
neglect terms of order q
mQ
and/or k
mQ
with q and k being the pion and photon momentum,
respectively. It turns out that the contact interaction dictated by the Lagrangian L(1)B can
be nicely tested by the decay Σ0c → Λ+c π−γ, whereas a test on the chiral structure of L(2)B is
provided by the process Σ+c → Λ+c π0γ. Let us discuss the latter first.
It is interesting to see that only diagrams (d) and (f) survive in the heavy quark limit.
Diagrams (b) and (c) vanish because of isospin conservation. Diagrams (g) and (h) do not
exist for a neutral pion. Diagram (e) is prohibited owing to the absence of the B3B3π
coupling. The ΛcΛcγ coupling of diagram (a) is of the convection current type only [cf.
Eq. (3.24)] and in the heavy quark limit it is cancelled out by a similar convection current
ΣcΣcγ coupling of diagram (d). [This cancellation is also required by gauge invariance.]
Consequently, we only have to consider diagram (f) and the magnetic coupling of diagram
(d). The amplitudes are
A(Σ+c → Λ+c π0γ) = Ad + Af
Ad = i
4
√
2a1g2
3fπ
1
v·kuΛc(v
′, s′)( 6 q − q · v)σµνkµǫνuΣc(v, s)
Af = −i a3g4√2fπ
(
2
3
− α
3
)
1
−v·k+MΣc−MΣ∗c
uΛc(v
′, s′)qσP σλ(v′)ǫλναβγνkαǫβuΣc(v, s)
(4.21)
where P σλ(v′) is the projection operator given by (4.12). Recall that
g4 = −
√
3g2 , g2 = −0.75
√
2
3
(4.22)
for gudA = 0.75. Beyond the heavy quark limit, obvious 1/mQ corrections arise from the
magnetic moment µc of the charm quark and µB of the charmed baryons.
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We now come back to the decay Σ0c → Λ+c π−γ. The main contribution comes from
the convection current coupling of diagrams (a), (g), and (h). Other diagrams due to the
magnetic-type couplings are suppressed by factors of k/mu, which should be small since
mΣc −mΛc −mπ ∼ 30 MeV, and mu ∼ 330 MeV. The contact-term Lagrangian for diagram
(g) can be read off from Eqs. (3.8) and (2.11b),
L′ = − ieg2√
2fπ
AµΛ
+
c γ
µγ5π
+Σ0c . (4.23)
The amplitudes are given by
A(Σ0c → Λ+c π−γ) ∼= Aa + Ag + Ah, (4.24)
with
Aa =
eg2√
2fπ
uΛcv · ǫ 1v·k 6 qγ5uΣc,
Ag =
eg2√
2fπ
uΛc 6 ǫγ5uΣc,
Ah = − eg2√2fπ
q·ǫ
q·kuΛc( 6 q+ 6 k)γ5uΣc .
(4.25)
It is easily seen that gauge invariance is respected. It will be interesting to work out the
energy and angular distributions of the pion and the Λc. A detailed analysis of this will be
presented in a future publication.
Aside from the decay rates for B∗ → Bγ given by (4.7), we have not calculated any of the
radiative decay rates for baryons containing a b-quark. This is only because there is scarcely
any data on the masses and mass differences of these baryons. Once they are known, the
same equations (3.59) – (3.61) and (4.9) – (4.13) can be applied to obtain the decay rates.
V. Conclusions
The heavy quark symmetry and the chiral symmetry together provide an ideal framework
for studying the low energy dynamics of heavy mesons and heavy baryons. Symmetry con-
siderations reduce to a minimum the number of free parameters in the theory, and symmetry
breaking corrections can be estimated in principle. Yet, few if any quantitative predictions
can be made in strong and electromagnetic interactions without further assumptions. It
is here that the nonrelativistic quark model comes to the rescue. All the free parameters
needed for the low energy dynamics of ground state heavy hadrons are calculable in the non-
relativistic quark model. Moreover, these calculations depend only on the spin-flavor wave
functions of the quarks, and are independent of the details of the spatial wave functions.
Therefore, simplicity and (almost) uniqueness characterize these quark model predictions.
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We regard them as a theoretical benchmark to be compared with experiments as well as
other theoretical models.
In Refs.[3], [7] and present work we have explored in detail the predictions of this theoret-
ical formalism on strong decays, heavy flavor conserving nonleptonic decays, and radiative
decays of the heavy hadrons. These results may now be combined to obtain predictions for
the total widths and branching ratios of certain heavy particles. In particular, the branching
ratios obtained forD∗+ and D∗0 agree very well with the most recent measurements of CLEO
II. This excellent agreement between theory and experiment makes it ever more urgent to
study and understand the various symmetry breaking corrections to the strong and radia-
tive decays. This is particularly so should the upper limit for Γtot(D
∗+) [11] be confirmed by
future experiments. We would like to know if it is possible to incorporate these corrections
to improve the quark model calculations. We have begun an investigation to answer these
questions. The 1/mQ corrections due to the heavy quark’s magnetic moment that we have
included in Sections II and III are exact as a result of the normalization conditions of the
Isgur-Wise functions at v = v′. Other 1/mQ corrections including those to the light quarks’
electromagnetic currents and axial vector currents require a more careful discussion. We will
communicate these results in a future publication.
There are many other weak radiative decay modes of great interest like
B → D(D∗)γ , Λb → Σcγ , Ξb → Ξcγ .
Unfortunately, the effective heavy quark theory developed thus far cannot be applied to these
processes. The intermediate states in the relevant pole diagrams are very far from their mass
shell. For example, the four-momentum squared of the D pole in the decay B → D∗γ is
m2B. This means that the residual momentum of the D meson defined by Pµ = mDvµ + kµ
must be of order mB so that the approximation k/mD ≪ 1 required by the effective heavy
quark theory is no longer valid. Nevertheless, there is a special class of weak radiative
decays in which heavy flavor is conserved that deserves a detailed study. Some examples
are ΞQ → ΛQγ and ΩQ → ΞQγ. In these decays, weak radiative transitions arise from
the diquark sector of the heavy baryon whereas the heavy quark behaves as a “spectator”.
However, the dynamics of these radiative decays is more complicated than their counterpart
in nonleptonic weak decays, e.g., ΞQ → ΛQπ, which have been studied in Ref.[7]. We hope
to study in the future these heavy flavor conserving weak radiative decays.
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Figure Captions
Fig.1. Possible Feynman diagrams for the decays Σ+c → Λ+c π0γ and Σ0c → Λ+c π−γ.
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